Background/Aims: Acute tubular necrosis (ATN), a leading cause of acute kidney injury (AKI), is associated with decreased survival and increased progression of chronic kidney disease. A barrier to improving the clinical outcomes is the incomplete understanding of the pathogenesis of AKI. Our objective is to test the hypothesis that intrarenal renin-angiotensin system (RAS) is overexpressed in patients with ATN and could be an indicator of ATN severity. Methods: A transversal study was conducted in patients with biopsy-proven ATN. Intrarenal expression of angiotensinogen and angiotensin II, and urinary angiotensinogen were measured. Results: Patients with ATN demonstrated upregulation of intrarenal RAS, evidenced by upregulation of intrarenal angiotensinogen and angiotensin II. Patients with ATN also have elevated urinary angiotensinogen level that correlated with the overexpressed intrarenal RAS. Moreover, this increase in intrarenal RAS expression and urinary angiotensinogen was associated with the extent of acute tubular injury and urinary albumin excretion, respectively. Conclusions: We demonstrate that the intrarenal RAS is upregulated in patients with ATN and is associated with the severity of ATN. Urinary angiotensinogen reflects intrarenal RAS status, and is of value to assess the severity of ATN.
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Introduction
Acute kidney injury (AKI) is an increasing global concern and imposes an enormous socioeconomic burden [1] . Acute tubular necrosis (ATN), arising as a consequence of septic, toxic, or ischemic insult, is the leading cause of AKI in hospitalized patients [2] . In hospital and intensive care units, ATN accounts for approximate 40% and 80% cases of AKI respectively [3] , and is associated with decreased survival and increased progression of chronic kidney disease (CKD) [4] .
A barrier to improving the clinical outcomes is the incomplete understanding of the pathogenesis of AKI. Several mechanisms have been proposed to contribute to the progression of AKI, including increased inflammation [5, 6] and oxidative stress [7, 8] .
Another potential factor is renin-angiotensin system (RAS), which is of great importance for hemodynamic regulation and progression of kidney diseases [9] . Animals with ischemic AKI have shown an increase in intrarenal levels of angiotensin II (Ang II) as compared with sham-operated mice [10, 11] . Blockade of RAS markedly decelerates renal deterioration in animals with ischemia-reperfusion injury [12] [13] [14] . Moreover, angiotensinogen (AGT), the substrate of Ang II, has been identified in proximal tubule and can be secreted to the tubular lumen [15] . Urinary AGT reflects the intrarenal RAS status in CKD [16] , and is associated with severity of chronic kidney injury [17] . Recently, several studies found that urinary AGT has been proposed as a predictive and prognostic biomarker for AKI [18, 19] . These indicate a role for RAS in AKI. However, the exact status of circulating and intrarenal RAS and their relevance to urinary AGT in the pathobiology of human ATN have not been elucidated.
We conducted a transversal study in 30 patients with biopsy-proven ATN. Our objective is to test the hypothesis that the expression of intrarenal RAS, reflected by urinary AGT, is enhanced in patients with ATN and correlated with the severity of ATN. Qualification of urinary AGT could be used to assess the severity of ATN. This is the first study in patients with ATN to demonstrate the upregulation of intrarenal RAS and the utility of urinary AGT as indicator of ATN severity.
Subjects and Methods

Patients
This study is approved by Ethical Review Board of the 2 nd Affiliated Hospital & Yuying Children's Hospital, Wenzhou Medical University (Wenzhou, China). All subjects in this study gave written informed consent. Thirty patients, between September 2012 and September 2015, were enrolled according to the inclusion and exclusion criteria described below.
Eligible participants were patients with biopsy-proven ATN aged 18-80 years. Exclusion criteria included: those with preexisting chronic kidney disease (CKD), those with kidney transplantation, and those with comorbid diseases or overlap syndromes such as diabetes, hypertension, liver disease, malignancies and infections. Baseline Serum creatinine was defined as the lowest serum creatinine value in the last 6 months before AKI or, for those without this measurement, the lowest value achieved during hospitalization in the absence of dialysis. CKD was defined as presence of kidney damage (i.e., pathologic abnormalities, abnormalities in urine or imaging tests) or estimated glomerular filtration rate (eGFR) by CKD Epidemiology Collaboration (CKD-EPI) equation < 60 ml/min per 1.73 m 2 for ≥ 3 months.
Collection of Serum and Urine Samples
Blood samples were collected at bed rest early in the morning and fresh urine samples were collected after waking up, at the day before the biopsy as described previously [16] . Paired blood and urine samples from sex-and age-matched 21 healthy volunteers were taken as a control. The serum and urine samples were centrifuged at 2500g for 10 minutes and the supernatants were stored at -80°C.
Laboratory Measurements
Creatinine levels in serum and urine were determined using an automatic biochemical analyzer (AU480; Olympus, Japan). Urinary albumin was measured using an automatic analyzer (BNPro Spec; 
Renal Histological analysis
Sections from renal biopsy samples were cut at 1-micrometer, and then processed for Hematoxylin and Eosin (HE), Masson's trichrome (MT), Periodic Acid-Schiff (PAS) and Periodic Schiff-Methenamine Silver (PASM) staining. Acute tubular injury was semi-quantitatively assessed by determining the degree of renal tubular necrosis (tubular dilatation, thinning of the tubular epithelium, or cellular casts) using a grading scale of 0 to 4, as described previously with minor modification [20] . Briefly, digital images (at 1360×1024 pixel resolution) of all microscopic fields in each slide were captured at 200 × magnification by the DP 71 CCD camera (Olympus) coupled to a microscope (Olympus, AX-70). The percentage of cortical area affected by ATN was calculated in each field by Image-Pro Plus software (version 6.0, Media Cybernetics). A score was attributed as follows: 1: < 25% of the field affected; 2: 25 -50% of the field affected; 3: 50 -75% of the field affected. 4: > 75% of the field affected. Data was expressed as the average score in each slide.
To further confirm the accuracy of the semi-quantitative grading of acute tubular injury, morphometry analysis was performed to quantitate the acute tubular injury in each slide [20] . Digital images of all microscopic fields in each slide were captured at 200 × magnification as described above. Cortical areas affected by ATN were measured by Image-Pro Plus software (version 6.0, Media Cybernetics). The results are expressed as percentage of the cortical area affected by ATN in each slide. We found a significant correlation between acute tubular injury score and percentage of the cortical area affected by ATN (data not shown, r = 0.92, P < 0.001).
Renal Immunohistochemical Analysis of AGT and Ang II
Renal biopsy samples were obtained from patients with ATN (n=30). Normal kidney tissue adjacent to renal carcinoma obtained from nephrectomy was used as control (n=3). Two-micrometer-thick sections were processed using an anti-human AGT antibody (1:200, IBL) or anti-human Ang II antibody (1:400, Peninsula Laboratories). Intrarenal expression of AGT and Ang II was quantitated as described previously [21] . Briefly, digital images (at 1360×1024 pixel resolution) of 10 randomly selected tubulointerstitial areas were captured at 400 × magnification by the DP 71 CCD camera (Olympus) coupled to an Olympus AX-70 microscope (Olympus). The staining scores were calculated by Image-Pro Plus software (version 6.0, Media Cybernetics). Data were expressed as the ratio of integrated optical density (IOD) to observed area (IOD/ area), representing the relative intrarenal expression level of AGT and Ang II.
All histological analyses were performed by two pathologists who were blinded to the identity of the tissue. The interobserver reproducibility for semi-quantative histological analyses showed a substantial degree of agreement (kappa = 0.65). To diminish inter-observer discrepancy, slides that received different assessments from the two pathologists were jointly reviewed under a multi-headed microscope and consensus assessment was determined.
ELISA for AGT Quantification
Concentrations of AGT in serum and urine were detected by an ELISA kit according to the manufacturer's protocol (IBL International, Japan). Values for intra-and inter-assay variability were 3.2% and 6.3%, respectively. AGT in urine samples were standardized for urinary creatinine and expressed as nanogram per milligram of creatinine.
Statistic Analysis
Statistical analysis was conducted using the SPSS 17.0 for Windows (SPSS, Chicago, IL). ShapiroWilk goodness of fit test was used for distribution and variance homogeneity. Parameters with a normal distribution are presented as mean ± SD, and parameters with non-normal distribution are presented as median and interquartile range. Differences in the measured parameters between groups were analyzed by the Student's t-test for normally distributed data or the Mann-Whitney U test for non-normally distributed data. Similarly, correlations were determined using the Pearson's correlation coefficient or the Spearman's rank correlation coefficient depending on the distribution of data. The association between ATN severity and urinary AGT was further confirmed using multiple linear regression analyses by controlling the effect of clinically important confounding variables, such as age, body mass index (BMI), and eGFR at the time of biopsy. In these analyses, urinary AGT was logarithmically transformed to correct for dispersion of data.
The interobserver reproducibility of semi-quantative histological analyses was determined using Cohen's kappa (k) statistics. A two-sided P < 0.05 was considered statistically significant.
Results
Patient Characteristics
Demographics and laboratory data of patients with ATN and healthy volunteers were illustrated in Table 1 . Profiles including age, gender, body mass index, and serum creatinine at baseline were comparable among groups.
All the ATN patients had stage 3 AKI according to the 2012 KDIGO clinical practice guideline for AKI. Characteristics of patients with ATN at the time of renal biopsy were demonstrated in Table 1 . The median (interquartile range) time between admission and kidney biopsy was 3 days (interquartile range 2-5 days). None of the patients was being treated with RAS inhibitors at the time of the biopsy.
Overexpression of Intrarenal RAS in Patients with ATN
Acute tubular injury was assessed by PAS staining in renal biopsy samples from patients with ATN. The representative photos were shown in Figure 1a .
Intrarenal expression of AGT and Ang II was evaluated by immunohistochemical staining in renal biopsy samples from patients with ATN and in normal kidney tissue from patients with renal cell carcinoma. As shown in Figure 1b and c, immunoreactivity of AGT was significantly increased in kidney tissue from patients with ATN compared to that in normal kidney tissue (1.4 ± 0.6 versus 0.3 ± 0.1, P = 0.010). In patients with ATN, expression of AGT was detected in proximal tubules and distal tubules. However, expression of AGT in normal kidney tissue was observed mainly in proximal tubules.
Immunoreactivity of Ang II was also significantly increased in kidney tissue from patients with ATN compared to normal kidney tissue (1.1 ± 0.6 versus 0.4 ± 0.1, P = 0.021) (Figure 1d and e) . In patients with ATN, expression of Ang II was detected in distal tubules, proximal tubules, and glomerulus. However, expression of Ang II in normal kidney tissue was observed mainly in distal tubules. Collectively, these results suggest that intrarenal RAS is overexpressed in patients with ATN.
Elevated Urinary AGT Levels in Patients with ATN
Urinary and serum AGT levels were measured in patients with ATN and healthy controls. Urinary AGT level was significantly higher in patients with ATN than that in healthy controls (Figure 2a , P = 0.002). However, unlike urinary AGT, serum AGT levels were similar among groups (Figure 2b , P = 0.163), indicating that the urinary AGT may not be derived from the systemic circulation in patients with ATN.
Urinary AGT Levels as a Marker of Intrarenal RAS status in Patients with ATN
Relationship between intrarenal expression of RAS and urinary AGT levels was evaluated in patients with ATN. Intrarenal expression of AGT was correlated positively with urinary AGT (Figure 2c , r = 0.68, P < 0.001). Intrarenal expression of Ang II was also correlated positively with urinary AGT (Figure 2d , r = 0.63, P < 0.001). Taken together, intrarenal AGT appears to be the major source of urinary AGT. Urinary AGT could be used as a marker for determining intrarenal RAS status.
Intrarenal RAS Expression as an Indicator of ATN Severity
Correlation between intrarenal expression of RAS and ATN severity was evaluated in patients with ATN. Intrarenal expression of AGT was associated with acute tubular injury score (Figure 3a P < 0.001), and urinary albumin excretion rate (Figure 3f , r = 0.53, P = 0.004). These results suggest that intrarenal RAS status is associated with the ATN severity.
Urinary AGT as an Indicator of ATN Severity
Correlation between urinary AGT levels and acute kidney injury was determined in patients with ATN. As shown in Figure 4 , urinary AGT was associated with acute tubular injury score (Figure 4a , r = 0.61, P < 0.001) and percentage of the cortical area affected by ATN (Figure 4b , r = 0.62, P<0.001). Urinary AGT was also associated with urinary albumin excretion rate (Figure 4c , r = 0.57, P = 0.001). Furthermore, this association between urinary AGT and ATN severity remained statistically significantly after adjustment for age, BMI and eGFR at the time of biopsy ( Table 2 ). All these data further confirm our hypothesis that urinary AGT level could be used as a marker of intrarenal RAS status and could reflect the severity of acute renal injury in patients with ATN.
Discussion
In the present study, we demonstrate that expression of intrarenal RAS is upregulated in patients with ATN and is associated with the severity of ATN. Urinary angiotensinogen reflects intrarenal RAS status, and could be used as an indicator to evaluate the severity of ATN. This conclusion is supported by several lines of evidence. Firstly, overexpression of intrarenal RAS, evidenced by upregulation of intrarenal AGT and Ang II, was observed in in AKI are still unknown. In this study, we firstly demonstrated that intrarenal RAS was upregulated in patients with ATN. Overexpression of AGT was mainly detected in proximal tubules, while Ang II was mainly detected in distal tubules. The proximal tubular AGT, the precursor of Ang II, appears to be secreted directly into the tubular lumen and reach the distal nephron segments [24] . This suggests that the increased intrarenal Ang II in patients with ATN is likely derived from locally formed and secreted AGT.
Moreover, we explore the relationship between intrarenal RAS and ATN severity. Severity of ATN was determined by extent of acute tubular injury, as well as levels of albuminuria due to decreased tubular albumin reabsorption and increased renal albumin gene transcription [25] . Expression of intrarenal RAS significantly correlated with the markers of acute tubular injury, suggesting that expression of intrarenal RAS could be used as an indicator of ATN severity. Chronic kidney disease [26, 27] and diabetes [28, 29] are other examples of intrarenal RAS status linked to the severity of kidney injury.
Urine and serum AGT were also assessed in this study. We found that urinary AGT levels were higher in patients with ATN than that in healthy subjects. This rise in urinary AGT levels was correlated with increase in expression of intrarenal RAS, suggesting that increased urinary AGT in ATN may be due to increased synthesis in the kidney. Indeed, intrarenal AGT has been identified in structures close to the apical membrane of proximal tubular cells [15] , which makes its secretion to the urine possible. In addition, our results showed that serum AGT level did not associated with intrarenal RAS status, suggesting intrarenal RAS is regulated independently from circulating RAS. In consistent with our results, several studies observed increased production of intrarenal Ang II in an ischemic AKI model without changes in circulating Ang II [10] . Likewise, in rats infused with human AGT, human AGT was not detectable in the urine because of limited glomerular permeability and/or tubular degradation [30] . These findings support the concept that intrarenal AGT, regulated separately from circulating AGT, is the primary source of urinary AGT in patients with ATN. Urinary AGT could be a powerful tool for determining intrarenal RAS status in these patients. This extends similar findings in patients with chronic kidney disease [31, 32] and hypertension [30, 33] .
Another new important finding is that urinary AGT can be used as a novel biomarker of the ATN severity. Urinary AGT, which reflect the status of intrarenal RAS, was associated with the extent of acute tubular injury after controlling the effect of clinically important confounding variables [34] [35] [36] , such as age, BMI and eGFR at the time of biopsy. Increasing evidence suggest that severity of AKI appear to be closely correlated with poor short-term and long-term outcomes [37] . Thus, identifying the severity of AKI early in patients with ATN will help to begin timely intervention and improve their outcomes. Recent studies has yielded several potential biomarkers which correlated with the clinical course of AKI, including neutrophil gelatinase-associated lipocalin [38] , kidney injury molecule-1 [39] , interleukin-18 [40] , and liver fatty acid binding protein [41] . Urinary AGT could potentially be added to these biomarkers to form a biomarker panel, and would probably be particularly A linkage between intrarenal RAS and kidney injury has been increasingly recognized. Animal studies have noted an association between inhibition of the RAS and improved outcomes of AKI [22, 23] . Clinical studies have described urinary AGT as a novel predictive and prognostic biomarker of AKI [18, 19] . However, the exact status and relevance of intrarenal RAS helpful in serving as a mean to determine intrarenal RAS status and ATN severity. Further clinical investigations with various AKI populations are warranted to confirm the role of urinary AGT as a biomarker of ATN severity.
Given the aforementioned data, we speculate that intrarenal RAS may be linked to the renal injury in AKI, and patients with AKI could potentially benefit from RAS blockade. Indeed, a reduction in GFR, which may be induced by administration of RAS blockers, is not equivalent to more severe renal injury [42] . RAS blockers are not associated with an increase in renal injury in patients with AKI [43] . Although further prospective studies that investigate the therapeutic role of RAS inhibition in patients with AKI are needed, the present study provides direct evidence that overexpression of intrarenal RAS was correlated with the acute renal injury.
This study has several limitations. Since none of the ATN patients in this study were being treated with RAS inhibitors at the time of biopsy, the effect of RAS blockade on urinary AGT and ATN severity was unknown. However, animal studies have already shown a correlation between RAS blockade and improved AKI outcomes [22, 23] . Further studies to investigate the role of RAS inhibition in various AKI populations would be helpful to extend our observations, and to confirm the role of intrarenal RAS in the pathogenesis of AKI. In addition, we did not measure the expression of RAS in infiltrated inflammatory cells. Thus, we cannot exclude the possibility that infiltrated inflammatory cells may generate Ang II and contribute to the progression of renal damage [44, 45] . However, as presented in our data, the increased intrarenal RAS in ATN patients is likely mainly derived from locally formed and secreted AGT in tubular cells.
Conclusions
In the present study, we demonstrate that intrarenal RAS is overexpressed in patients with ATN and correlated with the ATN severity. Urinary AGT reflects intrarenal RAS status, and is of value to assess the severity of ATN. This identifies a role for intrarenal RAS in AKI, and thereby may provide supportive evidence for pharmacologic inhibition of the RAS in the treatment of AKI.
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